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Introduction
In a context of rising use of composite materials, the assessment of their strength is a key issue for the aircraft industry. Strength deterioration is induced by improper surface preparation or contamination, by the accidental inclusion of a separator film in the lay-up. Composites left out of storage too long before the curing also reduce adhesion between plies. Local strength degradation cannot be detected using conventional Non-Destructive Inspection methods since there is no noticeable separation between plies [1] . The measurement of the strength requires the destruction of the part.
A proof-test using laser-induced shock in the ns regime is proposed to verify the bond strength between plies. It has the ability to generate a calibrated tensile stress within a target with a stain rate of about 10 6 s À1 . Numerical simulation of the experiments provides an evaluation of the stress.
Since the first demonstration by Vossen [2] , the adhesion test using laser-induced shock has been performed many times to evaluate the adhesion strength. It concerns thin coatings [3] [4] [5] , and bonded assemblies [6, 7] . The potential disbond is detected using the non-intrusive measurement of the free surface velocity [8, 9] or ultrasonic C-scan [10] .
Relatively few studies describe the application of this process to CFRP composites: Gupta has investigated the adhesion test between plies [11] and between the fibres and their matrix [12] . Gilath has also studied the response of unidirectional CFRP composites to a laser-induced shock [13, 14] . The SATAC research program (Shock Adhesion Test for Adhesively Bonded Composites) aims to study the composites behaviour at very high strain rate in order to test their adhesion [15] [16] [17] . Other studies describe the behaviour of CFRP laminates under plate impact in the through-thickness direction [18] , and along the fibre direction [19, 20] . The response of glass fibers reinforced epoxy [21, 22] Kevlar/epoxy and Spectra/epoxy composites [23] to a planar impact has also been investigated.
In this context, this work reports the development effort to characterize the response of aerospace-grade CFRP laminates to a laser-induced shock normal to the fibre direction (out-of-plane). Two thickness configurations are studied to demonstrate the feasibility of the adhesion test and evaluate the dynamic through-thickness strength of a laminate. The study investigates three major points: the generation of laser-induced shock on CFRP composites, the propagation of high-intensity stress waves within these multi-layer materials, and the resulting delamination.
This article is divided into seven sections. Section 2 describes the CFRP laminates involved in this study. The next section introduces the adhesion test between plies based on laser-induced shock. The response of 4 and 8 ply laminates has been investigated at very high strain rate, respectively in Sections 4 and 5. A discussion of the advantages and drawbacks of the application of the process to composite laminates concludes this article.
CFRP laminates
CFRP composites are extensively used in modern aircraft structures due to their high strength-to-weight ratio. The materials chosen for this study are CFRP laminates that have been manufactured using the carbon fibres G40-800-24 K reinforced epoxy Cytec Ò 5276-1. Baseline materials are 4 and 8 ply laminates with a layup sequence of respectively [0°/90°] S and [0/-45/90/45°] S , and an approximate thickness of 600 and 1200 lm. They are cut to 15 Â 15 mm samples. These materials are representative of industrial applications in aeronautic field. Fig. 1 shows their cross-sections in the through-thickness direction, the fibres of the external plies are orthogonal to the cutting plane. The average diameter of the carbon fibres is 5 lm, their volume fraction is 70%. A 30 lm thick interply provides adhesion between plies. This epoxy layer is also observed at the surface of the laminate.
The dynamic behaviour of the composites is described using a linear-elastic law [24, 22] . Properties are given in Table 1 . The homogenized wave sound velocity C 0 in the transverse direction of the laminate is calculated at 2890 m s À1 on average. The acoustic impedance Z is defined as the product of the material density and its sound velocity.
Adhesion test using laser-induced shock

Principle of the test
The load is generated by a Nd:YAG laser from Continuum (PIMM laboratory, Arts et Métiers ParisTech). It delivers a calibrated pulse with a s laser = 9.3 ns duration at Full Width at Half Maximum (FWHM) and an energy of E = 1.5 J at k = 532 nm. The laser beam is focused on a horizontal target using a positionadjustable lens. The incident energy is adjusted by a k/4 plate and a polarizer with a 2% precision. The incident intensity is given by I = E/s laser Á S (S is the area of the laser spot).
The irradiated surface is rapidly vaporized into a high pressure plasma, inducing a compressive stress wave within the sample. The plasma is confined using a thin water overlay, that increases the pressure (from 5 to 10 times) and the pulse duration (from 2 to 3 times) [25, 26] . A transparent adhesive tape could replace the water overlay to confine the plasma. The incident surface of the laminate is protected from the irradiation by a sacrificial thin layer of black paint [27] .
The high intensity pulse drives a compression wave within the specimen to test, followed at the end of the load by a release wave that relaxes the material to its initial state. This pulse propagates within the sample thickness to the opposite surface, where it is reflected back in tension (see Fig. 5a ). This stress is able to induce damage (see Fig. 5b ), depending on its amplitude and duration [9] .
The proof-test uses this high strain rate tensile stress to load locally the interface between two layers. A strong interface will remain unaffected under a calibrated load whereas a weak one will fail, creating an internal disbond detectable using a velocimetry interferometer at the surface opposite to the impact. Each compressive wave reaching the free surface accelerates it, and conversely the arrival of a tensile wave induces a deceleration. The velocity at the free surface of the sample provides thus useful information about the propagation of the waves. It indicates whether a wave has been isolated and reflected within a delaminated portion of the sample. A VISAR (Velocimetry Interferometer System for Any Reflector [8] ) is used to record the motion of the back surface. This interferometer is based on the Doppler shift of the light reflected from the free surface. Its time precision is in the ns range with a 1% error between 10 and 10 4 m s À1 in our configuration. A typical experimental set-up is given schematically in Fig. 2 .
In the context of this study, the microscopic observations and the microtomographies of the recovered targets confirm the absence or presence of shock-induced damage.
This test remains non-destructive while the generated stress does not exceed a prescribed threshold. This threshold is estimated by subjecting similar samples to a shock load. The incident intensity is gradually increased until a disbond is detected. The dynamic tensile strength is then evaluated based on numerical simulations of the experiments.
Once this is achieved for reference laminates, proof tests can be performed by subjecting a designated target to a shock at a fixed intensity (below the threshold) to verify it meets minimal strength. The peak pressure P max is estimated for each impact using an inverse approach: the load amplitude is adjusted as an input parameter of the model by fitting the amplitude of the experimental and numerical first velocity peak. Fig. 4 shows a comparison between these velocities at the back surface of a laminate subjected to a 0.9 GW cm À2 irradiation, a 360 MPa load is used here. P max reaches 0.57 GPa in our conditions.
Load parameters
The time evolution of the incident pressure is calculated using the laser-matter interaction code ACCIC (Auto Consistent Confined Interaction Model, see [25, 28] for more information). The pressure pulse duration is 16 ns at FWHM.
The conditions of the experiments are reported in Table 2 . The samples are referenced A to E for the 4 ply laminates, F and G for the 8 ply. They have been subjected to a load near their delamination threshold.
The laser spot diameter is 2.5 mm. When it is at least three times larger than the sample thickness, release waves from the load edge have a limited influence on wave propagation [29] . The stress waves propagate normal to the interfaces and the induced deformation is considered uniaxial at the center of the sample (mode I).
Stress wave propagation within a laminate
Unlike isotropic materials, the wave propagation within composite laminates is complex. Between each layer of the laminate, the stress wave is both transmitted and reflected depending on the impedance mismatch at the interface [24, 30] . Relation (1) gives an analytical expression of the amplitude of the transmitted P T and reflected P R stress wave as a function of the incident wave P max while crossing an interface from material A to B.
The crossing of n successive plies reduces the amplitude of the incident wave to P(n), given by:
With the values from Table 1 , P(n) = P max Â 0.966 n . The material anisotropy also affects the waves propagation and the shockinduced damage [31, 20] .
The waves propagation within a 4 ply laminate is represented on a space-time diagram in Fig. 5a . The stress history is computed in the through-thickness direction, compression is represented in red and tensile stress in blue. The time origin corresponds to the impact on the incident surface. The laminates are represented by oriented plies between thin isotropic epoxy layers, with properties given in Table 1 . The layers thicknesses (considered constant) are measured on the laminates cross-sections. Since the experimental and numerical results have the same time evolution with minor amplitude discrepancies (see Fig. 4 ), this computation is considered accurate. The delamination is modeled using a cut-off criterion in Fig. 5b : it occurs when the tensile stress in the throughthickness direction is higher than a prescribed level. The stress wavelength (s Â C 0 = 16 Á 10 À9 Â 2890 = 4.6 Á 10 À5 m at FWHM) is small compared with the ply thickness and the tensile stress is spread very locally.
Laser intensity (GW.cm -2 ) Maximal incident pressure (GPa)
The first important tensile stress referenced 1 at t = 150 ns ( Fig. 5 ) is generated by the interaction of the reflected waves within the first and the second plies. In our configuration, it is not high enough to delaminate the composite. However, a stronger load can induce important tensile stress near the incident surface, up to delamination [16] .
The tensile stress referenced 2 is generated by the reflection of the incident wave at the free surface. Its amplitude is important in the whole laminate. The interply between the 3 rd and 4 th ply is subjected to a high tensile stress, that is 2% lower than the stress within the 4 th ply due to the relatively low impedance of the epoxy. According to the computation, this tensile stress represents 74% of the incident pressure. The tensile stress between the plies 2-3 and 1-2 is slightly lower (respectively 69% and 64% of P max ). The attenuation is mainly attributed to the wave reflections at the interfaces: relation (2) indicates that the reflections induce a 12.9% decrease of the stress during the first wave propagation from the incident to free surface.
In Fig. 5b , tensile stress of sufficient intensity leads to a delamination between the 3 rd and 4 th ply. The residual stress wave then propagates between the free surface and the delamination.
4 ply laminates behaviour under laser-induced shock load
Experiments have been first performed on 4 ply laminates. Since the spot diameter is 4.2 times larger than the samples thickness, the waves propagation is considered normal to the plies and the shock front is not altered by the edge effects [32] . A delamination threshold has been probed for an incident intensity of [0.9-1.03] GW cm À2 . In this interval, delamination may occur for reference laminates.
The velocities recorded at the back surface of the samples B and C during the test, respectively below and above the delamination threshold, are given in Fig. 6 .
The free surface velocity of sample B shows two major peaks, corresponding to the emergence of the main shock wave at the back surface. The first acceleration B 1 is induced by the incident wave front reaching the free surface, it is immediately followed by a deceleration due to rarefaction. The (assumed constant) wave ΔV=140m.s -1 Fig. 6 . Experimental free surface velocity of 4 ply laminates from 0 to 800 ns, without (sample B, 0.9 GW cm À2 ) and with shock-induced delamination (sample C, 1.03 GW cm À2 ). The annotations are referred to in the text.
Table 2
Parameters of the experiments performed on composites laminates.
Ref. Shock parameters Geometry
Intensity (GW cm À2 ) Incident P max (see Fig. 3a velocity C is calculated in the transverse direction using the transit time of the shock: C = thickness B /t B1 = 605 Á 10 À6 /200 Á 10 À9 = 3025m s À1 , this is approximately the homogenized sound velocity C 0 of the laminate given in Section 2. This confirms that the stress waves propagate in the elastic regime in our conditions, especially as no elastic precursor is observed on the first velocity peak B 1 . The velocity peak B 2 is generated by the main wave after propagating three times through the whole specimen (see the stress wave propagation within a 4 ply laminate in Fig. 5a ). This acceleration evidences the cohesion of this sample, since it shows the wave propagates uninterruptedly through all the plies. The velocity peaks referenced B 11 to B 13 are generated by the wave reflections at the interfaces. Since the plies have similar thickness, the waves reflections are superimposed while reaching the back surface and their emergence is almost synchronized. Smaller unreferenced velocity peaks are induced by the numerous reflections within the interplies.
Sample C has been subjected to a stronger load above the delamination threshold. The shock-induced delamination modifies the propagation of the stress waves (see Fig. 5b ) and the motion of the free surface is different from the previous case.
The first sharp rise C 1 at t = 200 ns is induced by the incident shock at the free surface. It is then reflected as a tensile wave that delaminates the last ply, since it is the closest to the back surface. The wave emergences C 1 to C 3 at the back surface have then a period of oscillation of 100 ns. This evidences the residual wave propagating between the free surface and the delamination at the interply 3-4.
Using the inverse approach (see Section 3.2), the delamination threshold of the 4 ply laminates is evaluated for an incident pressure of [360-430] MPa. The tensile strength at very high strain rate is then calculated at [266-318] MPa (i.e. 292 ± 26 MPa). It is given by the computed tensile stress at the interlaminar region between the 3 rd and 4 th ply for specimens B and C (see Section 3.3 and Fig. 5 ). It is much higher than the static tensile limit ([110-130] MPa [33] ) due to the very high strain rate of the stress.
According to Antoun et al. [9] , the dynamic tensile strength r spall is evaluated within a homogeneous material by relation (3):
where DV is the experimental velocity gap (pullback) measured between the top of the first velocity peak and the take-off point.
This relation is carefully applied to composites laminates. Since the small acceleration after the velocity peak C 1 is induced by a wave reflection in the outer epoxy layer (see Fig. 5b ), the take-off point is defined as indicated in Fig. 6 .
Here DV = 263-123 = 140 m s À1 and relation (3) Due to a low level of material deformation, the specimens B and C have been recovered for microscopic observation. Fig. 7a shows the cross-section micrographs of the 4 ply sample B after an impact below the delamination threshold. It does not show any damage as evidenced in the highly magnified picture near the Free Surface (FS). Fig. 7b shows the cross section of the sample C. A 2 lm thick crack is visible in the epoxy layer between the 3 rd and the 4 th ply, in agreement with the computation shown in Fig. 5b . The rupture, mainly in mode I (tensile stress) is interlaminar since it has occurred within the interply. This shows that the tensile strength of the interply is lower than the ply one, especially as the interply is subjected to a slightly lower tensile stress. The delamination is spread over a smaller area than the laser spot due to the lateral attenuation of the stress waves [32] . The damage is not continuous within the interply layer and the plies remain stacked, this could be considered as a first stage of damage. It is possible that the adhesion properties of the interply are heterogeneous due to fibre distribution, thickness variations or residual stresses generated during the cooling after the curing.
These observations confirm that laser-induced stress waves can produce on-axis tension able to delaminate the specimens. This also validates the analysis of the free surface velocity.
Since SEM observation is destructive and limited to a bidimensional view, the microtomograph X-Tek HMXST 225 (Industrial Materials Institute, National Research Council Canada) with a 2 lm precision, is used to examine the recovered samples. Fig. 8 shows the cross sections of the 4 ply samples A, D and E after an impact near the delamination threshold, the anisotropic damage is observed within the delamination plane on pictures on the top of the figure. intralaminar delamination normal to the interfaces and interlaminar fractures in the epoxy layer between the 3 rd and 4 th ply. These cracks are thicker than those on sample C (see Fig. 7b ), subjected to a lower stress. For a higher loading (sample E), the delamination is more important. The 4 th ply tends to pull out from the laminate. The intralaminar fractures could have been induced by the flexural stress generated during the removal of the last ply. Fig. 8c (upper image) points out that the delamination is spread over a greater area than the laser spot due to the ply anisotropy.
The 3D observation also shows that the delamination is exclusively located in the ply near the back surface.
8 ply laminates behaviour under laser-induced shock load
The study is extended to 8 ply laminates to validate the process for thicker targets. It is also possible to compare the results with tests performed on similar 8 ply samples with a 450 ns pulse duration [34] .
When compared to the previous case, the 8 ply samples have more interfaces, leading to further wave reflections. According to relation (2), the interfaces induce a 24.2% decrease of the stress amplitude during the propagation in the 8 ply composite. This yields to a relatively lower tensile stress near the back surface.
Sample F has been subjected to a 1.31 GW cm À2 irradiation, this is not sufficient to induce delamination. A stronger irradiation (1.49 GW cm À2 ) leads to the delamination of sample G.
Since the energy of the laser source is limited, the impact size cannot be further increased and its diameter is only 2.1 times larger than the sample thickness. Release waves from the load edge could slightly decrease the on-axis stress.
The free surface velocities recorded during these experiments are given in Fig. 9 . The motion of the free surface is again characteristic of the propagation of stress waves.
The first velocity rise F 1 at t = 405 ns is attributed to the arrival of the incident shock at the back surface. The accelerations F 11 to F 18 with a 100 ns period correspond to the emergence of the superimposed waves reflected at the numerous interfaces of sample F. The velocity peak F 2 indicates that the sample is intact, since t F2 À t F1 (about 820 ns) is approximately equal to twice the transit time of the main wave in the laminate: t back and forth ¼ 2 Â thickness F =C 0 laminate ¼ 2 Â 1:19 Á 10 À3 =2890 ¼ 800 ns:
The velocity profile of sample G has a period of oscillation of about 100 ns, equal to twice the transit time of the wave in the delaminated ply (between the delamination and the free surface). This evidences the shock-induced delamination at the interply 7-8.
The delamination threshold of the 8 ply laminates is evaluated for an incident pressure of [510-570] MPa, i.e., 540 ± 30 MPa (see Section 3.2). The dynamic tensile strength between plies is then calculated at [275-308] MPa, i.e., 292 ± 17 MPa (see Section 3.3) . Other experiments performed on the same samples provide a similar strength ([255-296] MPa, i.e., 276 ± 20 MPa, with a 450 ns pressure pulse duration [34] ). Relation (3) provides a dynamic tensile strength of r spall = 266 MPa with a pullback velocity of DV = 191-82 = 109 m s À1 . This is in the same range than the computed evaluation (292 ± 17 MPa).
These specimens have been recovered for microscopic observation. Fig. 10a shows SEM transverse observations of sample F after a shock below the delamination threshold. It shows no interface separation. Fig. 10b shows the shock-induced delamination of sample G. It is still interlaminar near the free surface, this confirms that the interply is weaker than the ply.
These results show that the technique can generate a tensile stress able to delaminate a thicker target. The perspectives of the experiments on 8 ply laminates concern the edge effects: the stress waves propagate normal to the plies when the laser spot is at least three times larger than the target thickness. A higher power pulsed laser is thus required. Fig. 9 . Experimental free surface velocity of 8 ply laminates from 0 to 1400 ns, without (sample F, 1.31 GW cm À2 ) and with shock-induced delamination (sample G, 1.49 GW cm À2 ).
Discussion
The main results for the 4 and 8 ply laminates are given in Table 3 . The pressure threshold and tensile strength at very high strain rate are evaluated using numerical results (see Sections 3.2 and 3.3).
The incident load required to delaminate the 8 ply samples is higher than for the 4 ply specimens due to the stress wave attenuation. This is mostly attributed to the propagation through the numerous interfaces and to the hydrodynamic damping in a twice as thick sample.
The dynamic tensile limit (mode I) is evaluated at [266-318] and [275-308] MPa, respectively for the 4 and 8 ply laminates. Both samples configurations have similar strength (about 292 MPa). This is in the same range than the strength evaluated by Perton et al. [15] (r spall = 340 MPa under similar conditions), Yu and Gupta [12] (r spall = 214 MPa for the CFRP composites Hercules AS4 3502 subjected to a 16-20 ns laser-generated pressure pulse) and Riedel et al. [18] (r spall = 250 MPa for CFRP composites subjected to a plate impact at a strain rate of 150,000 s À1 ).
However, the dispersion of the threshold interval is important: the difference reaches 9% of the average for the 4 ply laminates due to the strength variability of the tested specimens.
The adhesion test using laser-induced shock has many advantages compared with the conventional inspection methods. The strength is evaluated in the direction normal to the interfaces, with a quasi-uniaxial deformation (mode I). It remains non-destructive since a calibrated proof-load only fails deficient samples and the wave propagation does not alter the composite properties [16] . It also has the ability to test locally structures of any shape without mechanical contact. In addition, the high power laser systems are now compact and secured for factory implementation.
However, this approach has several limitations. The incident surface of the target has to be protected from the irradiation by black paint, the back surface has to be free. A restriction on the sample thickness also remains due to stress wave attenuation, but some experiments have been successfully performed on 25 mm thick specimens using longer pressure pulses [6] .
Conclusion
The response of 4 and 8 ply CFRP laminates to a dynamic load normal to the fibres direction has been studied in this paper. The response of the composites is similar in both thickness configurations. It has been demonstrated that laser-induced shock can generate on-axis tension able to delaminate the specimens. The failure or resistance of the laminate during the proof test is determined by an analysis of the free surface velocity. The dynamic strength between plies has been evaluated at 292 MPa on average.
Further works concern the use of high power laser with variable pulse duration, this would give the ability to interrogate the delamination threshold of any interply. 
